Nerve conduction velocity (NCV), the speed at which electrical signals propagate along peripheral nerves, is used in the clinic to evaluate nerve function in humans. A decline in peripheral nerve function is associated with a number of age-related pathologies. While several studies have shown that NCV declines with age in humans, there is little information on the effect of age on NCV in peripheral nerves in mice. In this study, we evaluated NCV in male and female C57Bl/6 mice ranging from 4 to 32 months of age. We observed a decline in NCV in both male and female mice after 20 months of age. Sex differences were detected in sensory NCV as well as the rate of decline during aging in motor nerves; female mice had slower sensory NCV and a slower agerelated decline in motor nerves compared with male mice. We also tested the effect of dietary restriction on NCV in 30-month-old female mice. Dietary restriction prevented the age-related decline in sciatic NCV but not other nerves. Because NCV is clinically relevant to the assessment of nerve function, we recommend that NCV be used to evaluate healthspan in assessing genetic and pharmacological interventions that increase the life span of mice.
toxins and can easily undergo trauma. Dysfunction in the peripheral nervous system can result from aging, injury, or disease, including infection and diabetes. Peripheral neuropathy is relatively common and affects 2%-3% of the population. Interestingly, this prevalence increases over threefold with age (1) . In addition, peripheral nerve dysfunction is associated with skeletal muscle loss and sensory disorders, depending on the nerves affected. For example, motor nerve dysfunction can result in skeletal muscle atrophy in various neuromuscular diseases and sensory nerve dysfunction can result in altered nociception (2) or thermosensation (3) . Oxidative stress, altered myelin protein and lipid composition and reduced cholesterol synthesis have been proposed to contribute to peripheral neuropathy associated with aging (4) (5) (6) .
Nerve conduction assays are commonly used in humans to measure the functional status of both the neurons and myelin sheath and to diagnose diseases of both the nervous system and skeletal muscle, including amyotrophic lateral sclerosis and myasthenia gravis (7) . NCV, one measurement derived from a nerve conduction study, is a property of both the axons and myelin sheath (8) . Large, myelinated nerve fibers have faster NCV than small, unmyelinated nerves, and reduced NCV can arise from degeneration of the myelin sheath as well as axonal dysfunction. Therefore, NCV is a good measurement of overall peripheral nerve health. In humans, aging has been shown to be associated with reduced NCV in peripheral nerves (9) (10) (11) with the reduction occurring after 55 years of age in males and after 70 years of age in females (10) . Peripheral nerve function is associated with changes in physical performance, including balance and walking speed in diabetic patients (12) and old adults (11) as well as low bone mineral density (13) . Therefore, changes in nerve function have important implications for quality of life.
Nerve conduction studies are less invasive than many other measurements of healthspan and can be easily incorporated into longitudinal studies. Because NCV is sensitive to both myelin sheath and axonal changes, it is an excellent measure of the function of the peripheral nervous system. While performing the nerve conduction assay, action potential amplitude can also be measured, which gives insight into axonal loss. The summation of the amplitudes of muscle fiber action potentials, known as a compound muscle action potential (CMAP) and sensory neuron action potential (SNAP) amplitudes can also be derived from the nerve conduction assay. These measurements are indicative of axonal atrophy, and both CMAP and SNAP decline during aging in humans (9) . Although NCV is associated with a number of age-associated conditions [eg diabetes (11) , central nervous system dysfunction (10), inflammation (14, 15) and oxidative stress (4,6)], there is very little information on the age-associated changes in NCV in mice. In this study, we characterize the effect of age on NCV in male and female mice fed ad libitum over a wide range of ages. In addition, we assess the effect of dietary restriction (DR) on NCV. Our data show that NCV declines significantly after 20 months of age in male and female mice and that some age-related changes in NCV are prevented in female mice, similar to what has been observed in humans. Therefore, NCV is a valuable parameter to measure when assessing the healthspan of mice.
Methods

Animals
Male and female C57Bl/6 mice were used for the initial characterization of the effect of age on NCV. Only female C57Bl/6 mice were used for the DR study. Mice used in the initial experiments at ages 4, 20, 28 and 32 months (n = 12-24) were obtained from the aging colony maintained by the National Institute on Aging. The mice in the DR study (12 and 30 months old; n = 6-16) were obtained from Jackson Labs and were fed either ad libitum or restricted by 40% relative to ad-libitum fed mice as previously described (16) . The DR regimen was started at 4 months of age. Mice were multiply housed (4-5/cage) under specific pathogen free conditions on a 12-hour light/dark cycle. All animal protocols were approved by the University of Texas Health Science Center at San Antonio IACUC.
Nerve Conduction Studies
To measure NCV, mice were anesthetized with constant flow of isoflurane, and external body temperature was maintained at 34 °C with a heating lamp. Stainless steel subdermal needle electrodes were used to deliver supramaximal stimulation with 0.02 millisecond impulses using the Nicolet Viking Quest portable EMG apparatus (CareFusion, San Diego, CA) as previously described (6) . Low frequency filters were set to 1 Hz and high frequency filters were set to 10 kHz. These settings were used for all measurements. We measured NCV in four nerves; sensory and motor nerves of the tail and sensory (sural) and motor (sciatic) nerves in the hind limb. For tail measurements, stimulating electrodes and recording electrodes were inserted in the tail 3 cm apart. The take-off latency of the tail motor action potential was measured by stimulating proximally and recording distally, and the tail sensory NCV was measured by stimulating distally and recording proximally. Tail distal motor latency (TDML) represents the time it takes for an electrical impulse to travel 3 cm along the tail motor nerve, while all other measurements are velocities (distance/latency). Thus, TDML includes the time it takes an electrical impulse to travel down the nerve, across the neuromuscular junction and elicit a CMAP. Sural NCV was measured by stimulating at the ankle and recording over the fourth and fifth digit dorsally. For sciatic NCV, initial-ankle foot latency was measured using stimulating electrodes placed at the ankle and recording electrodes were placed dorsally over all five digits. The latency and distance between electrodes was measured, and then the stimulating electrodes were moved to the sciatic notch. The nerve was again stimulated and the resulting latency was subtracted from the initial ankle-foot latency. This difference was divided between the distance between the notch and ankle to determine velocity. The distance was determined by stretching the foot so that a linear distance could be measured between stimulating and recording electrodes. An image of the needle placement for sciatic NCV has been previously published (17) , and video recording of similar methods are also available (18) . All procedures were performed according to the methods outlined by the Animal Models of Diabetic Complications Consortium. CMAP or SNAP amplitudes were measured for each evoked response with electrode placement identical to the NCV measurements. Thus, the caudal and plantar muscles contribute to the tail and sciatic CMAP, respectively. Figure 1A shows a typical CMAP used to measure motor NCV; latency is the time it takes to activate the rising phase and is used to calculate NCV while amplitude is the height of the peak. To determine if NCV was reproducible in the same mice over a short timeframe, we measured sciatic NCV at baseline and again one week later. As shown in Figure 1B , variation from repeated analysis showed little change (an average of 3%) over a short timeframe.
Statistical Analysis
Data were analyzed using IBM SPSS Statistics. Two-way ANOVA was used to determine the effect of age and sex or age and diet.
Tukey's post-test was used to for multiple comparisons. Statistical significance was considered when p < .05. Pairwise comparisons (α < 0.05) with Bonferroni correction for multiple comparisons was used to determine significant effect of sex at specific ages.
Results
Effect of Sex on NCV
We measured NCV in male and female C57Bl/6 mice from four age groups: 4, 20, 28, and 32 months of age. Reference values for means, ranges and confidence intervals are reported for NCV in Supplementary Table 1 and CMAP and SNAP amplitude in  Supplementary Table 2 . We determined the effect of sex and age on NCV using two-way ANOVA. Significant sex differences were detected in sensory nerve conduction measurements. Pairwise analysis revealed that female tail sensory NCV was slower than male tail sensory NCV at 4, 20, and 28 months of age and that female sural NCV was slower than male sural NCV at all ages. Although the sex factor was not significant in TDML or sciatic NCV, an age-sex interaction factor was significant or trended to significance in these motor NCV (TDML p < .01, sciatic NCV p = .062). Pairwise analysis revealed that females had lower TDML at 28 and 32 months of age relative to male mice and faster sciatic NCV at 28 months of age, suggesting females are partially protected from the age-related decline in NCV in motor nerves. We analyzed the effect of age on NCV and CMAP/SNAP in male and female mice in the following sections.
Effect of Age on Nerve Conduction Velocity in Male Mice
The mean life span reported for male and female C57BL/6 mice in the NIA colony is 26.2 and 24.8 months, respectively. At 28 months of age, 55% of males and 70% of females have died, and at 32 months of age 87% of males and 91% of females have died (19) . Figure 2 shows the NCV in motor and sensory nerves in the tail and hind limb of male C57BL/6 mice. The distal motor latency (TDML), which is the time it takes for an impulse to travel a specific length of the nerve, showed no significant difference in 4-and 20-monthold mice. However, TDML increased significantly in 28-monthold mice compared to 4-and 20-month old mice (27% and 16%, respectively) and continued to increase significantly (11%) from 28 to 32 months of age (Figure 2A ). The same pattern was seen with the tail sensory nerve conduction velocity (TSNCV). TSNCV was slower in 28-month-old mice when compared to 4-and 20-monthold mice (16% and 15%, respectively), and a further 10% reduction was observed in 32-month-old mice relative to 28-month-old mice ( Figure 2B ).
Next, we measured NCV in the nerves that innervate the hind limbs. Again, no significant difference was found between 4 and 20 months of age in sciatic NCV. However, sciatic NCV was significantly slower in 28-and 32-month-old mice compared to 4-monthold mice (23% and 20%, respectively) and 20-month-old mice (by 16% and 13%, respectively). Furthermore, a significant difference was observed between 28 and 32 months of age ( Figure 2C ). Similarly, sural NCV was slower in 28-and 32-month-old mice relative to 4-and 20-month-old mice (by 17% and 13% in 28-monthold mice, respectively, and 24% and 21% in 32-month-old mice, respectively), and no further reduction in NCV was observed after 28 months ( Figure 2D ). Figure 3A and B show NCV in tail motor and sensory nerves of female C57BL/6 mice. TDML was not altered between 4 and 20 months of age; however it was significantly slower in the 28-to 32-month-old mice compared with the 4-and 20-month-old mice. Additionally, there was a significant increase in latency in 32-monthold group compared to the 28-month-old female mice ( Figure 3A) . No change in TSNCV was detected between 4 and 20 months of age, but 28-and 32-month-old female mice had significantly slower NCV compared with 4-and 20-month-old female mice and 32 month-old females shows reduced NCV compared with 28-month-old females ( Figure 3B) . Figure 3C and D shows hind limb NCV in the sciatic and sural nerves of female C57BL/6 mice. No change was observed in sciatic NCV between 4 and 20 months of age. However, there was a significant difference in sciatic NCV in 28-and 32-monthold mice compared with 4-month-old mice. While sciatic NCV did not differ between 20-and 28-month-old mice, there was a significant difference between these two age groups and 32-month-old mice ( Figure 3C ). Sural NCV was significantly slower in 32-monthold female mice compared with 4-and 20-month-old females ( Figure 3D ).
Effect of Aging on the Nerve Conduction Velocity of Female Mice
We also measured CMAP and SNAP amplitude in female mice ( Figure 4A) . CMAP is the summation of individual motor unit action potentials, and is indicative of axonal integrity. Tail motor CMAP was similar for 4-and 20-month-old female mice and was significantly lower in the 28-and 32-month-old female mice compared to the 4-month-old mice. SNAP amplitude in the tail remained constant over the life span of the female mice ( Figure 4B ). We measured CMAPs during the ankle-foot measurement of the sciatic NCV and found a significant decrease in CMAP in the 20-, 28-, and 32-month-old groups relative to the 4-month-old group ( Figure 4C) . Interestingly, the SNAP amplitude of the sural nerve was significantly reduced by 20 months of age in the female mice ( Figure 4D ), suggesting loss of amplitude precedes the reduction in NCV. Effect of age on nerve conduction velocity (NCV) in male C57Bl/6 mice. The motor latency (A) and sensory nerve conduction velocity (B) for the tail and the sciatic nerve conduction velocity (C), and sural nerve conduction velocity (D) is shown. Data were obtained with 12-14 mice per age group and expressed as the mean with the standard error. Tukey's post-test was used to determine significant differences between age groups after two-way ANOVA determined a significant effect of age. Values that are statistically different are denoted with different letters.
Effect of Age and Dietary Restriction on NCV
Dietary restriction (DR) is the most studied manipulation to increases life span in rodents, and DR has been shown to delay or prevent most biochemical and physiological processes that change with age, including alterations in the sciatic nerve (20) . Therefore, it was of interest to determine if DR would prevent the functional decline in the peripheral nervous system during aging. We measured NCV for the motor and sensory nerves of tail and hind limb at 12-and 30-months of age in female mice fed ad libitum or a DR diet. As shown in Figure 5 , we found similar age-related changes in NCV in tail and hind limb in the female mice that were housed at our institution as found in Figure 3 for mice from the NIA aging colony. Significant effects of age were found for all NCV measurements. We were surprised to find that DR had no effect on tail motor latency, tail sensory, or sural NCV either at 12 or 30 months of age, ie DR did not prevent the age-related decline in NCV in these nerves. However, a significant age*diet interaction was found for sciatic NCV, and posttest analysis revealed that DR partially prevented the age-related decline in sciatic NCV ( Figure 5C ). As shown in Figure 6 , we also measured CMAP and SNAP amplitude in the 12-and 30-month-old female mice fed ad libitum or a DR diet. Significant effect of age was found in all measurements except tail SNAP amplitude. No effect of diet was found for CMAP or SNAP amplitude, although we did notice a trend for sciatic CMAP amplitude (p = 0.85).
Discussion
NCV is an excellent measure of nerve function because it is relatively uninvasive, reproducible, can be used longitudinally, and is commonly used in humans to assess nerve function and diagnose presence of neuromuscular disease, myopathies, sensory disorders or trauma (7) . Therefore, NCV is a measurement of functional status of nerves that can be used as part of a battery of assays to assess the healthspan of mice and these measures are directly applicable to humans. A recent study of 1,200 men and women aged 21-96 years showed that motor NCV in the peroneal nerve decline with age (10) . Although nerve function is commonly measured in humans by NCV, this measure has been used to a limited extent in rodents, primarily on the effect of diabetes and peripheral nerve disease on NCV (11, 12) . Previous studies have not found an age-related decline in NCV in mice when looking at middle-aged mice (21), but our study confirms a recent study that found reduced NCV in late life (22) . Thus, it is important to determine functional measurements later in life. Mice have become the primary mammalian model for aging research because of their relatively short life span and the ability to use genetic, pharmacological, and nutritional interventions; therefore, we evaluated the usefulness of NCV in assessing nerve function as one measure of healthspan. We studied both male and female mice over a wide range of ages and tested multiple nerves to determine if changes were sex-dependent, the ages that showed the greatest change, and whether polyneuropathy occurred during aging. We specifically chose to study NCV over the entire life span of the mouse, especially later in life, because of its relevance to human quality of life.
Age and height are significant contributors to variation in NCV, and while sex does not affect NCV in healthy, young humans (9), the rate of decline with age is significantly slower in females than in males (10) . We showed that NCV was similar between 4 and 20 months of age, but decreased after 20 months of age in both tail and hind limb nerves of male and female mice. NCV continued to decrease late in life in some nerves. We also found reduced amplitude with age in both tail and hind limb motor CMAP, suggesting either a loss of nerve fibers or failure of muscle fiber recruitment. Interestingly, hind limb CMAP amplitude had declined by 20 months, while sciatic NCV was not reduced until 28 months in females, suggesting axonal atrophy precedes the decline in NCV in females. We also found that female mice have slower sensory NCV at all ages and experience a Tukey's post-test was used to determine significant differences between age groups after two-way ANOVA determined a significant effect of age. Values that are statistically different are denoted with different letters. slower age-related decline in motor NCV compared to males. This observation is consistent with a recent study demonstrating that women are protected from the age-related decline in NCV (10) . The physiological and molecular processes that confer this protection are prime targets for future studies, and these mechanisms may be useful in designing novel treatments for peripheral nerve diseases.
The loss of peripheral nerve function during aging can affect the function of its target organs. For example, dysfunction of motor neurons is associated with muscle atrophy. Sarcopenia is the age-related loss of muscle mass and is observed in many animal models, including mice. In humans, approximately 1% of lean mass is lost each year after 50 years of age (23), and muscle strength declines at approximately three times that rate (24) . Diabetic patients with peripheral neuropathy are more likely to have muscle atrophy (25) , suggesting peripheral nerves are key contributors to muscle strength. While NCV has been shown to contribute to muscle strength in humans independent of the effect of age (26) , the relationship between decreased NCV and loss of skeletal muscle during aging is not clear. Another study found that CMAP amplitude, but not NCV, is associated with muscle mass in both men and women, suggesting motor neuron number may be important for predicting sarcopenia in humans (27) . Similarly, declines in sensory nerve NCV might contribute to declines in the auditory, visual, and vestibular systems as well as nociception and thermosensation in older adults. Sensory NCV declines with age in humans (28) , and in addition to the well-known decline in auditory and visual function with age, there are reports of reduced function of other sensory systems in older adults (29) (30) (31) (32) (33) . Similar to muscle function, the decline in sensory function during aging may be due to peripheral nerve dysfunction (34, 35) . Given the importance of sensory function in health and quality of life for humans, the relationship between age-related peripheral nerve dysfunction and sensory decline is a critical field for further research.
DR extends life span in mice as well as most animal models studied and delays numerous age-related pathologies and improves many physiological functions that decline with age. It has been argued that DR increases life span by delaying aging. DR prevents cellular and molecular changes in peripheral nerves and prevents muscle atrophy and neuromuscular junction abnormalities during aging. For example, lifelong DR prevents age-related structural changes and oxidative stress in the sciatic nerve (4, 20) . DR also prevents alterations at the neuromuscular junction and preserves muscle mass during aging (16, 36) . Thus, we hypothesized DR would prevent age-related changes in NCV. While DR partially prevented the age-related decline in NCV, it had no effect on the age-related decline in NCV and CMAP amplitude in tail motor and sciatic nerves and SNAP amplitude in tail sensory and sural nerves. Although DR has been shown to improve a large number of physiological functions that are altered with age, there are reports showing that some functions that change with age are not preserved by DR. For example, DR mice are equally susceptible to influenza as ad-libitum fed mice and do not respond properly to wound healing (37, 38) . Thus, it is important to assess the effect of manipulations that increase life span on a number of physiological functions rather than assuming that a manipulation that increases life span will improve all aspects of healthspan.
In addition to showing a decline in NCV during aging, our data give us some insight into potential mechanisms involved in the agerelated decline in peripheral nerves during aging. NCV is the speed at which an action potential is propagated along an axon, and NCV is dependent on a number of features, including temperature, axon diameter and myelination. Our data are consistent with a loss of myelination in peripheral nerves during aging. Structural changes in peripheral with age are well documented in humans (26) , cats (39) , and rats (40) and include loss of axons and demyelination (41, 42) .
Demyelination of peripheral nerves can cause nerve dysfunction by impairing conduction of electrical signals along the nerve. Myelinated fibers in particular are susceptible to age-related alterations (43) , and indications of remyelination and regeneration are often seen in peripheral nerves during aging (5, 44) . Consistent with reductions in NCV during aging, the number of regenerating myelinated fibers in the sciatic nerve is reduced at 24 months of age in C57Bl/6 mice (45), and myelin thickness in the sciatic nerve is reduced in large fibers at 28 months of age in C57Bl/6 mice (46). We observed an age-related decline in sciatic NCV at 28, but not 20, months of age relative to 4-month-old mice. Thus, the period between 20 and 30 months of age is a critical time frame for age-related changes in peripheral nerves. Furthermore, C57Bl/6 mice were reported to have higher levels of peripheral neuropathy at 24 months of age compared to other strains (47) , suggesting that C57Bl/6 mice are an appropriate model for the peripheral nerve changes seen in humans.
Axonal vacuoles, collagen accumulation, macrophage infiltration and onion bulbs are some of the structural changes commonly observed in peripheral nerves during aging (41, 44) . Furthermore, nerve fiber loss may occur during aging (5, 41) . We found reduced CMAP and SNAP amplitude in aged mice, suggesting axonal atrophy occurs during aging, a finding consistent with data from humans (48) . Interventions that prevent demyelination, repair myelin or prevent motor neuron death could prevent age-related peripheral nerve dysfunction and contribute to healthspan during aging. Demyelination and axonal loss need to be comprehensively studied at the molecular level to determine the mechanism behind the declining NCV during aging.
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